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ABSTRACT: A two-terminal, bipolar, self-powered low cur- 
rent limiter having particularly advantageous use for limiting 
currents in body electrodes connected to biomedical elec- 
tronic equipment to the microampere range. In one embodi- 
ment of the invention, a pair of series connected field effect 
transistors form a bipolar current limiting device, In another 
embodiment of the invention, four field-effect transistors are 
provided in the form of two series connected bistable devices. 
In both cases, an additional pair of field-effect transistors can 
be used to increase the breakdown voltage in both directions. 




02/17/2004, EAST Version: 1.4.1 



PATENTED SEP 7071 3,603:811 

SHEET 1 OF. 2 



R = oo 



■■'"It 



FI G. I 



FIG. 2 A 



l DSS *D 




L 

~^7 v p;\ v P 2 

FIG.2B Vl2 



l DSS 



GS 




2C 



10 PRIOR ART 



J,, 



12 

FIG.2D 





12 50JJA 
-50 V -IV 




"50JJA 



JNVENTORS 

FIG 3R CHRISTOPHER C.DAY 
/ , w. B0 HQLTE 



ATTORNEYS 



02/17/2004, EAST Version: 1.4.1 



PATENTED SEP 71971 

SHEET 2 OF 2 



3,603:811 




I PA IV 

FIG. 8 



FIG. 10 



lz -^FIG.9 limbic 



/NVENTORS 
CHRISTOPHER C. DAY 
BY BO HOLTE 



ATTORNEYS 



02/17/2004, EAST Version: 1.4.1 



3,603,811 

1 2 

It is a more specific object of our invention to pro vide a two- 
TWO TERMINAL BIPOLAR SELF-POWERED LOW terminal, bipolar, self-powered current limiting circuit, that is, 

CURRENT LIMITER a two-terminal device which may be placed in series with, the 

Thteinvention relates to twoaerminal, bipolar, self-powered lead to a patient and which will offer relatively little resistance 
low current limiting circuits, and more particularly to such cir- 5 to low currents and a very high resistance to larger currents 
cuits> which are highly advantageous when used in the elec- (for example, in excess of 100 microamperes). 
trodeTeads of biomedical electronic equipments. It is necessary that any current limiting device of this type 

In recent years; a variety of biomedical electronic equip- be able to pass a safe current in each of two directions since a 
merit has been developed, many of these instruments serving typical monitored signal can be of either polarity. In addition 
to monitor various physiological conditions of a hospitalized 10 to being bipolar, the current limiting circuit must also be capa- 
patient. It is very common to find a multiplicity of such instru- ble of withstanding excessive voltages of either polarity. (A 
ments connected to an individual patient in a hospital. For the fu se-type current Umitcr is of little value; once a fuse blows, no 
most part, the instruments; are used for monitoring purposes, m ore current flows throufi lUt^Vh ile the patie nt mjflfrt hq pro, 
although there: are instances in which electrical signals are ap- ^ ^ tected. there would be no monitor ing following the blowing of 
plied to the patient for purposes other. than monitoring. In t he fuse ! The problem is particularly severe when tne large 
most cases it is necessary to insure that ah excessive current current which blows the fuse arises from a high voltage 
does not flow through the patient, that is, through the con- deliberately applied to the patient, e.g., from a defibrillator, 
nected electrodes and leads; A variety of standards have been ano * when immediately after the application of the high voltage 
proposed, but 100 microamperes through any external con- 2q it is necessary to verify that some physiological change has 
riection is considered a safe maximum value; In the case of in- taken place. If t he fuse blows with the application of the' h igh 
ternal leads, such as catheters into the heart, a maximum safe volt age, verification is not possible.) ' ~~ 

Upper limit of 10 microamperes has been suggested. If either Tt is another^jecTof bu'rinvelu to provide a two-ter- 
of these limits is exceeded, the patient being monitored may minal, bipolar, self-powered current limiting circuit which is 
have undesirable current levels passing through his body. 25 capable of withstanding relatively large voltages of either 

Tfcerii is : much concern about the possibility that many pa- polarity, 
tierits are indeed being electrocuted accidentally at the At low current levels, a lead should offer little resistance, 
present time. The problem is not limited to faulty equipment But > lt ; s ^ important that the resistance be relatively inde- 
designs, although this aspect of the problem has not been pendent of semiconductor characteristics (if semiconductor 
completely, solved. The most severe problem has not been 30 devices are used in the limiting circuit). If this is not the case, 
, completely solved. The most severe problem arises from the in order t0 provide interchangeable leads it would be necessa- 
iritercorinection of many different instruments. For example, ^ to p r0 vide all leads with matched semiconductor devices, 
the leads from an electrocardiographic machine as well as an It is st m anot her object of our invention to provide a two- 
electroencephlographic machine may both be connected to terminal, bipolar, self-powered current limiting circuit whose 
the patient, with both machines having their ground leads con- 35 resistance lo sma ll currents is minimally dependent on the 
nected together at some point on the patient's body. Such characteristics of semiconductor elements, 
common connections are also often found when a nurse's cen* Depletion mode metal oxide semiconductor field-effect 
tral station is provided for monitoring several different pa- transistors (MOSFET'S and junction field-effect transistors 
ticntV functions at the same time. Each individual machine have been proposed for use as current limiters, and more par- 
may be designed to prevent excessive currents. However, if 40 m ^terminal configurations. If the gate and source 
one machine, malfunctions it can cause another machine to electrodes are connected together, the field-effect transistor 
draw an- excessive current. For example, if the ground lead to exhibits a relatively low resistance between its drain and 
one of two instruments is broken, the ground current for both terminals unti) a ccrtain currcnt is reached. At 
machines will be returned over the ground conductor to the ^ ^ p(jmt wc impedancc riscs very rapidly and the device 
other instrument. operates as a current limiter. The field-effect transistor in this 
Therehas^thereforearisenaverygreatneed to limit the cur- tion is ^po^ed in that no biasing currents are 
rent drawn through a patient s body as a result of the opera- M , t would be possibIe to insert such a field-effect 
tion of any mstrument, either alone^or in conjunction with in serjes wit h any biomedical lead in which the cur- 
others, Many Instniments are provided with specially designed 5Q to fee Un||todB However, there are a number of problems 
isolation transformersTor this purpose, bu l such ttansformers ^ h Fjrsl ^ foremost> ^ device k not 
are both expensive and have not proven to be a complete solu- ^hf^ ^ fa ^ ^ Sccond u 

tion to the problem, ...... . is very difficult to design field-effect transistor currcnt Jimitcrs 

It ia an object of our invention to provide a low current »vwyuiiii^u«<. «, e 

\. . i An i „ F „w:„ ma Ai™\ -wtr™;,. with ow resistances to small currents which are relatively in- 

limiting circuit in series with 1 a lead of a biomedical electronic «e , , _ 4 . 4 . , . ... ^ 

■ ^ " „. . # n;«...5t ;« «. 35 dependent of transistor characteristics, and at the same tome 

instrument; by providing such a current limiting circuit in se- , ^ . , , . . 

<* S ^ ^t^^ two fields 
m ^X^^T^ of such a current transistor are connected in series. (Al^gh the invention^ 
Iimitef is to consider the maximum potential which may ap- 60 described with reference to field-effect trans,stors it is to be 
pear at any electrode attached to the patient's body and to use understood that any three-termmal device exhibiting similar 
alarge enough resistor in series with the lead. For example, characteristics could be employed, the distinguishing charac- 
suppose that the maximum voltage is 200 volts (such high teristic of all such devices being that the «^ 
peak voltages can arise if the patient accidentally touches a mmal serves almost exclusively toxontrol the current flow 
•tlive'- wire). A 2 -megohm resistor could then be placed inse- 65 through the other two terminals and does not itself draw any 
Ties With each lead to the instrument to limit the current to appreciable current.) The two source terminals are connected 
1 00 microamperes. However, such a large resistor cannot be to each other, typically through a resistor. Each gate terminal 
used in practice because it.woutd severely degrade the instru- is connected to the source terminal of the other field-effect 
ment performance as is known to those skilled in the art. For transistor (again, typically through a resistor). The resulting 
this reason, if current limiting is to be provided for any lead, it 70 circuit exhibits relatively low resistance between the two drain 
is neccessary that the circuit offer relatively little resistance to terminals; current of either polarity through the device in- 
small currents and a very high resistance to larger currents. creases linearly with the voltage appearing across it. When the 
Active powered circuits are available for this purpose; how- voltage reaches a certain limiting value, however, the current 
ever, active circuits generally require connections to at least levels off and remains essentially constant as the voltage in- 
three terminals as well as a source of power. 75 creases. 
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This basic circuit, in a typical arrangement, has a break- controlled in a similar manner. Ideally, resistance RoShould be 
down voltage of approximately 50 volts of both polarities. To small compared to the input impedance of the instrument con- 
increase the breakdown voltage in either direction, and in nected to the patient through a lead provided with the current 
order to make the current less dependent on voltage once a limiting circuit in order that a large part of the signal at the pa- 
limiting value is exceeded, an additional field-effect transistor 5 tient electrode be applied to the input of the instrument, 
is placed in series with each of the first two transistors. The FIG. 2A shows the symbol for an n-channel field-effect 
two gate terminals at either end of the circuit are connected to transistor having drain D, gate G and source S terminals. The 
each other. The two additional field-effect transistors serve to current-voltage characteristics for two field -effect transistors 
increase the breakdown voltage in either direction and to Q,and Q*are shown in FIG. 2B. The vertical axis represents 
make the current less dependent on voltage after the element 10 the current through the drain (which equals the current 
enters the current limiting mode. through the source since the gate draws no appreciable cur- 

In another embodiment of the invention, three field-effect rent). The horizontal axis represents the reverse voltage bias 

transistors are used at either end of the circuit, together with of the gate and source. The field-effect transistor of FIG. 2A is 

the resistive coupling between them described above. One ^ of the n-channel type. Field-effect transistors of the P-channel 

transistor in each group of three serves to increase the break- type have characteristics similar to those of FIG. 2B except 

down voltage in a respective direction. The other two field -ef- that the polarities are reversed. 

feet transistors in either group of three are arranged in a Most field-effect transistors are square-law devices. The 

unique configuration to provide a bistable element. The major drain current (I 0 ) is related to the gate-source reverse bias 

advantage of this configuration is that at high voltages the cur- 20 ( V os ) by an equation of the form /tf=7*a W ( 1 — VcsfVp) *. where 

rent is not maintained at the initial limiting value but is / DJW i s the current for a gate-source voltage of zero and V p i$ the 

reduced to an almost insignificant level. pinch -off voltage. The pinch-off voltage is that for which the 

It is a feature of our invention to provide a symmetrical con- drain current falls to a finite but very small specified value, 

nection of field-effect transistors in a two-terminal configura- an( j the saturation current. 

tion. 25 FIG. 2B shows the / 0 -K cs characteristics for two transistors 

It is another feature of our invention to provide additional Q,and Q 2 .Each characteristic (as well as the equation above 

field-effect transistors in series with each terminal of the which describes it), however, assumes a constant drain -source 

overall circuit for the purpose of increasing the breakdown voltage (Vny). factually varies with V M .This can be shown by 

voltage of the circuit in both directions. curves drawn for constant values of V cs . The two curves of 

It is a still further feature of our invention to provide two 30 FIG. 2C are for the same transistor. With Vcs=QJd rises ap- 

pairs of field-effect transistors arranged in a bistable configu- proximately linearly until VaTVp, the pinch-off voltage. The 

ration for dramatically limiting the current through the overall current then remains fairly constant as V DS increases. If V OT in- 

circuit when the voltage across the circuit exceeds a relatively creasC s beyond the breakdown value, however, the current 

small value. starts t0 i ncrcaS e rapidly. For a negative V w bias of -V 'volts, 

Further objects, features and advantages of our invention 35 thc J^-Vwcurve is lowered and the current bends occur at 

will become apparent upon consideration of the following lower values of V a v. 

detailed description in conjunction with the drawing, in which: Jn p IG 2 0 ( a field-effect transistor is connected such that it 

FIG. 1 depicts the ideal characteristics of a current limiting actfi flS a lwo ^ tennina i device with its source and gate con- 
device suitable for use with biomedical electronic leads; necte£j together ( y cs =0). Referring back to FIG. 2C, in such a 

FIG. 2A is the symbol used to depict an n-channel field-ef- w c ^ when th(J yoltage betwcen tcrm i na i s 10, 12 ( V^) exceeds 

feci transistor; the value V„, the current through thc terminals is limited to 

FIGS. 2B and 2C depict illustrative characteristics of field- Fof valucfi of v DjrbcIow Wp$ ^ current nses approxi- 

effect transistors of the type depicted in FIG. 2A; mat , |if| . ^ ^ voItBge< The configuration of FIG. 2D 

FIG. 2D depicts a well-known field-effect transistor con- ^ us roduce3 a current -voltage characteristic which is similar 
figuration for providing a two-terminal, self-powered, unipolar ^ ^ ^ characteristic of Fia 1( namelVt the incurve 

current limiting device; of FIG 2C 

FIG. 2E is similar to the circuit of FIG. 2D but includes an However> the 5imple circuil of FIG. 2D suffers from three 

additional resistor for reducing the maximum current through disadvanUges if it fe attemp ted to use it for limiting the 

the device; ^ ... - . i_ . * • 50 current through a lead connected to a biomedical electronic 

FIO.SAdep.ctsafim.llustrauveembod.mentofourmven- |£ESment F f rst> the device hnol bipolar _ euirent Hmiti „ g 

"no: 3B is the current-voltage characteristic for the circuit occurs only through the device from input terminal 10 to out- 

f Fir t A P ut terminal I2 '- in the otheT direcUon 0,6 device functions as 

FIG 4A is a second illustrative embodiment of our inven- „ a Second, the value of I^is generally greater than the 

riu. «m is a scconu musuauvo uu « » 5S maxjmum doable value in many applications unless very ex- 

"no. 4B is the current-voltage characteristic for the circuit P^ive field-effect transistors are used Third the device ex- 
f FIG 4A hibits a breakdown vo,ta 8 e whlch 1S relatively low m 

° FIGS. S, : 6 and 7 are circuits which will be helpful in un- transistors having a low value ofW If the voltoge across ter- 
derstanding the embodiment of the invention depicted in FIG. 60 minals 10 12 exceeds this value, the field-effect transistor 

g conducts heavily. 

'FIG. 8 depicts thc current-voltage characteristics for the The configuration of FIG. 2E is similar to that of FIG. 2D, 
circuits of FIGS 5 and 6* cxcc P t foT Ae ^dltton of res,stor 14 ^ resistor has some " 

FIG. 9 is a third illustrative embodiment of our invention; times been provided in the prior art to solve the second 
Md 63 problem, namely, to lower the limit of the maximum current. 

^FIG. 10 depicts curves which will be helpful in understand- In effect, current through the device causes a voltage to be 
ing an advantage of the circuit of FIG. 9. developed across resistor 14 which biases the gate ™S*v*y 

FIG. 1 depicts an ideal current- voltage characteristic for a with respect to the source. Consequently, V cs ts not 0 as in the 
two-terminal current limiting device. As the voltage across the case of FIG. 2D, and as is evident from the curves of FIG. 2C 
two terminals starts to increase, the device exhibits a re- 70 the limiting current is smaller than W Reduction im current, 
sistance R of value R 0 . When the voltage has increased to the however, is achieved at the expense of an increased ^ resistance 
point such that a current Ioflows, the current is thereafter (equivalent to Roin FIG. 1 ) between terminals 10 12. The ef- 
maintained at this value independent of increases in voltage. fective value of Rois the sum of the resistance of resistor 14 
The effective incremental resistance of the device is infinite. and the "on" resistance of the transistor between the drain 
Similarly, for voltages of the opposite polarity the current is 75 and source, R ow . 
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the embodiment of the invention shown in FIG. 3A in- value of I t . For transistor Qithis requires a gate-source voltage 
clddes two ri-chanriel field^effect transistors 01, .01' con- of V^volts, and for transistor Oithis requires a gate-source 
' netted in series between terminals 10, 12. The two source ter- voltage of V w volts. To develop both of these voltages from a 
mirials are connected to each other through resistor 14. The current of I tl it is apparent that transistor 0 B rcquires a larger 
""source- of 01' is connected through resistor 16 to the gate of 5 resistor 14. Thus the use of a transistor with a larger value of 
01 i' arid the source of Ql Is connected through resistor 18 to V p (in order to obtain a lower value of R^-requires a larger re- 
' the gate of 01'. The device is bipolar as shown in FIO. 3B, the sistor 14 which may cause the effective Roto be too high. 
curreht r v6ltage characteristic for the overall unit between ter- In the practical design of circuits such as that of FIG. 3A, re- 
trials r 10, 12. As the voltage i increases in either direction from sistance values and transistors are selected which . offer the 
zero to ~a magnitude in the order of typically 1 volt, the current 10 best compromise between the conflicting criteria. In almost all 
increases linearly. Thereafter, the current is approximately cases it is found that the transistors which are the most suita- 
constant. When the voltage exceeds approximately 50 volts, ble have relatively low breakdown voltages, 
however, the device breaks down and a large current flows. The breakdown voltage can be increased by utilizing the 

the circuit tan be understood by first considering the case embodiment of the invention shown in FIG. 4A. The circuit is 
in whichtermirial 10 is positive with respect to terminal 12 by 15 similar to that shown in FIG. 3A except for the addition of one 
less than 1 volt. Resistor 16 serves no purpose at this time of field-effect transistors 02, 02' at each input. The source of 
since the gate of Ql draws rib current. The resistor just serves transistor Q2 is connected to the drain of transistor 01, and 
to connect the gate terminal to the lower end of resistor 14, in the two gates are connected to each other. Similar remarks 
>eiEfect producing a configuration such as that shown in FIG. 20 apply to transistors Q1'Q2\ Each pair of transistors such as 
- 2E: Resistor r 18 couples the upper terminal of resistor 14 to Ql, 02 is arranged in a cascode configuration. Effectively, 
'the gate of Ql'. Since there is a voltage drop across resistor transistor Ql is equivalent to the source resistance 14 in FIG. 
14, the gate of Ql' is positive with respect to its source; With 2E for transistor Q2. When the limiting current is reached, as 
such a forward bias, transistor Ql' functions as a diode determined by one of transistors Ql and OlHhe resistance 
between source and gate. Without resistor 18, the voltage 2 5 between the source and drain of 01 or Ql'increases stgnifi- 
- : - ^ acrpss^resistbr 14 would be Hrhited to the essentially fixed for- cantly since the current through the transistor levels off. There 
ward bias Voltage between the gate and source terminals of is thus a very high resistance interconnecting the source, and 
transistor 01'. If the reverse voltage across the gate and gate of transistor Q2 or Q2' and this tends to flatten out the 
source of transistor Ql which is required to limit the current characteristic for voltages in excess of 1 volt, as shown in FIG. 
through -01 ^mbre than the forward bias across the gate and 30 4B. More significantly, the additional transistors increase the 
source termmals of transistor Ql'transistor Ql would not limit breakdown voltage in either direction from 50 volts to 200 
the current to the low value desired. To bbtain a reverse bias volts. The design requirements for transistors Q2, Q2' are dif- 
J across the gate and source terminals of transistor Ql which ex- ferent from those for transistors Ql t Ql'. Transistors Ql, Ql' 
•deeds the forward bias of transistor Ql 'resistor 18 (much are selected to optimize Roand V p without too much concern 
larger than resistor 14) is provided to enable the drop across 35 for a high breakdown voltage. Transistor Ql has a lower 
resistor 14 to rise to a value in excess of the forward bias of pinch-off voltage than transistor Q2. (Similar remarks apply to 
transistor Ql '. IFthe value of V cs which limits the current transistors 01' and 02'. ): Referring to FIG. 2B, it is apparent 
v through transistor Ql to the desired value is less in magnitude that transistor Ql limits first as the voltage increases. Since the 
than' the forward bias of transistor Ql', resistor 18 can be voltage across transistor Ql cannot exceed the pinch-off volt- 
bmitted and the gate of transistor Ql'can be connected 40 age of transistor Q2 as a result of the transistor connections, to 
directly to the source of transistor Ql. prevent the breakdown of transistor Ql it is only necessary to 

Similarly, if terminal 12 is positive with respect to terminal choose transistor Q2 to have a pinch-off voltage smaller than 
10, field-effect transistor Ql functions as a diode from gate to the breakdown voltage of transistor Ql. Transistor 02 is 
source. Resistor 18 how serves no function, and resistor 16 selected to have a large breakdown voltage. It is also desirable 
serves to prevent the voltage across resistor 14 from being 45 to select this transistor such that its R^parameter is as low as 
Umited to the gate-source forward bias of transistor Ql. Re- possible since the effective Rofor the circuit of FIG. 4A is the 
sistor 14 serves to lower the maximum current through the sum of the resistance of resistor 14 and the four R^parame- 
device, : just ; as it does when the current flows in the opposite ters of the four transistors. 

direction. It should be noted that the characteristic of FIG. 4B in the 

Referring to' the characteristic of FIG. 3B, the current-volt- 50 limiting mode is flatter than that of FIG. 3B. It should further 
-age curve m the first quadrant is determined for the most part be noted, however, that above the knee the maximum current 
by-trahsistbr Ql, transistor Ql' simply functioning as a re- flows through the device. It is sometimes desirable to drasti- 
sistor; the curve in the third quadrant is determined for the cally limit the current when the input voltage is above 1 volt 
most part by transistor Ql \ transistor Q 1 simply functioning 55 (or whatever other voltage c causes the device to enter its cur- 
as a resistor: In the circuit of FIG. 3 A, both transistors are type rent limiting mode of operation). 

Nos 2N4302; resistor 14 has a value of 10k: and resistors 16, The circuit of FIG. 5 includes an n-channel field-effect 
I8 r each have a value of 100k; The voltage at which current transistor G6, together with a P-channel field-effect transistor 
limiUrig begins in either direction is 1 volt (see FIG. 3B), and QS. The source and gate of transistor QS are connected 
the current is limited to approximately 50 microamperes when 60 together to produce a two-terminal device, the two terminals 
the voltage isbetween l*and 50 volts; For voltages less than 1 being placed between the source of transistor 06 andtenninal 
volt; the circuit exhibits a resistance between terminals 10^12 12. Thus the circuit of FIG. 5 is very similar to that of FIG/2E 
• which ii thfr sum of the resistance of resistor 14 and the Rons' except that resistor 14 has been replaced by transistor Q5. If 
parameters of the two transistors, transistor 05 has the larger limiting current, the value of the 

The circuit of FIG. 3A has a breakdown voltage of 50 volts 65 limiting current is determined by the characteristic of 
in "either direction: This is too low for many applications; How- transistor Q6; transistor Q5 simply operates as a linear device 

- ever; high breakdown transistors are not generally available and its source-terrain resistance in effect replaces resistor 14 
■ which^ ofFIG. 2E. . . b i * A .» 

other requirements are a low value of effective R 0 , and circuit This understanding of the circuity of FIG. 5 leads toan un- 
^peration- which is minimally dependent on individual 70 derstanding of the circuit of FIG. 6. Here, the^ gate of 

- transistorcharacteristics. transistor Q5 is returned to the drain of transistor Q6. rather 
T For-mmimum dependence on the circuit characteristics, than to the source of this transistor. With a small voltage 

: R^should be low (compared to the resistance of resistor 14). across terminals 10, 12, transistor Q5, having a larger limiting 
A low value of R^-is equivalent to a high value of V P v Refer- . current than transistor 06, still functions as a resistor even 
ring to FIG; 1 2B V assume that the current is to be limited to a 75 when transistor 06 starts to cut off. However, as the voltage 
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drop across terminals 10, 12 increases, transistor 05 becomes rent limitcr. Although leakage currents have not been con- 

biased towards cut off. As this happens, the effective im- aidered above, it is to be understood that they are present m 
pedance of transistor 05 increases, causing the current in 

transistor Q 6 to decrease. Both transistors are now operating * J fQrward ^ * Thc 9um of tnc currentSf 

above V P . As the voltage between terminals 10, 12 is m- 5 re PP approximately equal to the 

creased, the reverse bias of both gates is increased causing the * P ^ y 5Q M no( dfop off 

current to drop to a very low residual leakage value. * yoj then at hj . y()| thc tQtaI CUfrent wouId bc 

The circuit of FIO. 6 is a bistable device whose charac- - ^ q{ ^ cunem (5Q microamperc8 

teristics are shown in FIG. 8. Initially it is assumed that there is ^ ^ ^ 

no voltage drop across terminals 10, 12. As terminal 10 starts 1" A i t h oug h the invention has been described with reference 

to go positive with respect to terminal 12, transistor Q5 in ^ particular embodiments, it is to be understood that these 

FIG. 6 functions just as does transistor Q5 m FIG. 5 -it embo dj me nts are merely illustrative of the application of the 

presents a relatively small resistance connected to the source prmcip | cs c f the invention. Numerous modifications may be 

of transistor 06. As shown by the portion of the characteristic ma(Je thercin md olher arrangements may be devised without 

identified by the numeral 20 in FIG. 8 ,the current flowing departing from the spirit and scope of the invention, 

through the circuit of either FIG . 5 or FIG. 6 starts to increase What fc c | aimed is; 

with the voltage up to a limiting value of 50 microamperes. j A two-terminal, bipolar, self-powered current limiting 

The limiting current is reached when the voltage across ter- d e vi C e comprising first and second field-effect transistors, 

minals 10, 12 is about 1 volta. In the circuit of FIG. 5, when ^ each naving drain, source and gate terminals, input and output 

the voltage exceeds 1 volt the current through the circuit terminals, each of said drain terminate being coupled to a 

remains at the 50 -microampere level, as shown by that por- resp ective one of said input and output terminals, impedance 

tion of the characteristic identified by the numeral 22. With means connected between the source terminals of said two 

the circuit of FIG. 6, however, when the voltage rises above transistors, and means for coupling the gate terminal of each 

the 1 -volt level, the current does not remain at the 50 - ^ of said transistors to the source terminal of the other of said 

microampere level. Instead, as shown by that portion of the transistors. 

characteristic identified by the numeral 24, the current starts 2 . A two-terminal, bipolar, self-powered current limiting 

to fall and eventually reaching the leakage current level of less device in accordance with claim 1 wherein an impedance is in- 

than 1 microampere. Thus, the circuit of FIG. 6 is ad- eluded in each of said coupling means. 

vantageous in that for large values of voltage the current does ^ x a two-terminal, bipolar, self-powered current limiting 
not remain at the current limiting value but instead actually device in accordance with claim 1 further including an addi- 
decreases to less than 1 microampere. If the voltage then starts t i ona | pa ir of field-effect transistors, the drain of each of said 
to decrease, the current does not follow original curve 24 in f irst an d second field-effect transistors being coupled to the 
the reverse direction. Instead, it follows that portion of the source of a respective one of said additional field-effect 
characteristic identified by numeral 26. Once the device is in 35 transistors, the gate of each of said first and second field-effect 
its low-conduction state, it cannot be placed in its high-con- transistors being connected directly to the gate of the "Re- 
duction state until the voltage across terminals 10, 12 is tive one of said additional field-effect transistors, and the 
reduced to a very low value. drain of each of said additional field-effect transistors being 
Thc circuit of FIG. 7 does not exhibit a symmetrical charac- connected directly to a respective one of said input and output 
teristic for opposite polarity voltages across terminals 10, 12. 49 terminals. 

Two circuits of the type shown in FIG. 7 can be connected in 4. A two-terminal, bipolar, self-powered current limiting 

the configuration of FIG. 9 to produce a bipolar circuit. Re- device in accordance with claim 3 wherem each of said addi- 

sistor 34 in FIG. 9 is equivalent to resistor 14 in FIG. 4A, and tional field-effect transistors has a higher pinch-off voltage 

resistors 30, 32 are equivalent to resistors 16, 18. If transistors than said first and second transistors. 

Q6, 06' have low pmch-off voltages, resistors 30, 32 can be 45 5. A two-terminal, bipolar, self-powered cunent limit ng 

omitted Because of the series "on" resistance of transistors device in accordance with claim 4 wherem an impedance is m- 

Q5 05'it is not necessary to provide resistor 34. This resistor eluded in each of said coupling means. 

QS'taWt are type No. . N28* ^transistors Q6 Ware ^^.^E^r^^^E^ 

type No. N3687 and transistors Q7, Q7 arc type No. TOCS 78. 55 He d being connected to each other, the 

If resistor 34 is replaced by a short circuit the effective re- JUlof and the source of said third 

sistance between terminals 10. 12 during linear operation of transistor beinrconnected together, the gate of said third 

the device is approximately 8 kilohms. and the fanning current Uw-rtor * u g^ i XJLd transisto? and the source of 

is approximately 100 microamperes (Altar ft. current .s ^^^^^ c(m ^ to ^ tVaAiiwMn 6i 

reached, if the voltage across terminals 10 12 * increased Urc 60 «« nm bein | connected to * resp ective one of said 

current drops to the leakage value.) If resistor 34 has ^ a value ^^rminals; means for connecting the drains of the 

of 7 Icilohms. the effective resistance between terminals 10 12 P tr Js istor8 in said two active circuits; and means for con- 
during linear operation is approximately 15 kilohms, and the ^ jnterconnected gate8 of the first and second 

limiting value of current is approximately 50 microamperes. tra nsistors in each of said active circuits to the drain of the 
resistor 34 has a value of 12 kilohms, the effective resistance 65 lransjstor m the otner of said active circuits, 
between terminals 10, 12 during the linear portion ot the g A two . terminal> bipolar, self-powered current limiting 

characteristic is approximately 20 kilohms, and the limiting accoraance ' wrl h claim 7 wherein the first transistor 

current is approximately 30 microamperes. jn each of sajd act ; ve circuits has a higher pinch-off voltage 

An advantage of the circuit of FIG. 9 will become apparent transistor in each of said active circuits, 

with reference to FIG. 10. Curve 51, essentially a straight line, 7U 
shows the leakage current through a typical two-terminal cur- 
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